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PreviewsOne of the most striking differences
between in vitro and in vivo tumor growth
of KSHV-infected cells has been the
in vivo growth-induced increase in lytic
gene expression that correlates with the
acquisition of KS malignant and angio-
genic phenotypes (Mutlu et al., 2007).
Cheng et al. found that KSHV-infected
cells growing in vitro in 3D, as compared
to 2D monolayers, showed increased
levels of certain KSHV latent as well as
lytic genes. Moreover, immunofluores-
cence analysis showed that spheroids
had increased numbers of cells displaying
the expression of late lytic markers. These
differences could partially explain the
differential activation of Notch signaling
in 3D versus 2D cultures. To explain this
increased lytic gene expression, the
authors compared the KSHV epigenome
from cells growing in monolayers and in
spheroids. Areas of reduced histone
methylation were observed in KSHV
episomes from the 3D spheroids, indi-
cating a more relaxed epigenome that
leads to a less restrictive lytic gene
expression. Importantly, these data
show that a relaxed epigenome that could
arise in 3D cultures or be characteristic of
a less committed cell type such an endo-
thelial progenitor cell can be critical in
determining a pattern of KSHV geneexpression conducive to pathogenesis
and sustained viral replication, which is
necessary for spread and maintenance
of the infected state.
The research by Cheng et al. (2011)
points to new avenues in viral oncology
research. It shows that a better reflection
of disease phenotypes can be achieved
via sophisticated tissue culture tech-
niques such as 3D spheroids and that
these methods can be key to gaining
insights into the molecular mechanisms
of in vivo viral oncogenesis. Exciting new
research topics can now be addressed,
such as (1) other in vivo-specific mecha-
nisms that may be reproduced in vitro;
(2) the relationship between 3D growth,
changes in the viral epigenome, and its
effects in regulation of key processes
such as retention of the viral episome
and the expression of KSHV pathogenic
genes; (3) the role of EnMT in KS patho-
genesis and progression; and, (4) since
cultures from primary KS lesions lose
KSHV after several passages in vitro, it
is possible that 3D methods will allow
the generation of actual KS cell lines re-
taining the viral genome. Finally, this 3D
in vitro viral oncogenesis system may
allow the identification and validation of
a plethora of potential new therapeutic
targets.Cell Host & Microbe 10, DREFERENCES
Cheng, F., Pekkonen, P., Laurinavicius, S.,
Sugiyama, N., Henderson, S., Gunther, T., Ranta-
nen, V., Kaivanto, E., Aaviko, M., Sarek, G., et al.
(2011). Cell Host Microbe 10, this issue, 577–590.
Emuss, V., Lagos, D., Pizzey, A., Gratrix, F., Hen-
derson, S.R., and Boshoff, C. (2009). PLoS Pathog.
5, e1000616.
Ganem, D. (2010). J. Clin. Invest. 120, 939–949.
Liang, Y., and Ganem, D. (2003). Proc. Natl. Acad.
Sci. USA 100, 8490–8495.
Liu, R., Li, X., Tulpule, A., Zhou, Y., Scehnet, J.S.,
Zhang, S., Lee, J.S., Chaudhary, P.M., Jung, J.,
and Gill, P.S. (2010). Blood 115, 887–895.
Mesri, E.A., Cesarman, E., and Boshoff, C. (2010).
Nat. Rev. Cancer 10, 707–719.
Mutlu, A.D., Cavallin, L.E., Vincent, L., Chiozzini,
C., Eroles, P., Duran, E.M., Asgari, Z., Hooper,
A.T., La Perle, K.M., Hilsher, C., et al. (2007).
Cancer Cell 11, 245–258.
Noseda, M., McLean, G., Niessen, K., Chang, L.,
Pollet, I., Montpetit, R., Shahidi, R., Dorovini-Zis,
K., Li, L., Beckstead, B., et al. (2004). Circ. Res.
94, 1468–1470.
Potenta, S., Zeisberg, E., and Kalluri, R. (2008). Br.
J. Cancer 99, 1375–1379.
Ridgway, J., Zhang, G., Wu, Y., Stawicki, S., Liang,
W.C., Chanthery, Y., Kowalski, J.,Watts, R.J., Call-
ahan, C., Kasman, I., et al. (2006). Nature 444,
1083–1087.Apicomplexan AMA1 in Host Cell Invasion:
A Model at the Junction?Christine R. Collins1 and Michael J. Blackman1,*
1Division of Parasitology, MRC National Institute for Medical Research, Mill Hill, London NW7 1AA, UK
*Correspondence: mblackm@nimr.mrc.ac.uk
DOI 10.1016/j.chom.2011.11.006
Host cell invasion by the malaria parasite is a crucial step in its life cycle. In this issue of Cell Host & Microbe,
Giovannini et al. (2011) raise questions about the validity of a widely accepted model of the tight junction,
a ring-like structure through which the invading parasite passes.Many readers of this article are un-
knowing hosts to a ubiquitous unicellular
parasite called Toxoplasma gondii. For
most, this is of no concern, as the para-
site is harbored in the form of benign
latent cysts called bradyzoites. However,in immunocomprised individuals, the
parasite can reactivate, leading to
a potentially serious fulminating infection.
Toxoplasma is just one member of a large
group of obligate intracellular protozoan
parasites called the Apicomplexa. Themost important members of this phylum
are the Plasmodium species responsible
for malaria, but several other genera,
including Cryptosporidium and Theileria,
are also of clinical and veterinary
importance.ecember 15, 2011 ª2011 Elsevier Inc. 531
Figure 1. Current Model of the Tight Junction
Schematic of the current model of the structure of the TJ (blue dot and inset)
during erythrocyte invasion by the malaria merozoite, showing the proposed
arrangement of the RON complex and its association with zoite-surface
AMA1. The inset depicts the arrangement of the RON4/RON5 complex
(blue) plus bound RON2 (green) which spans the host cell membrane to
interact with parasite-surface AMA1 (brown).
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PreviewsThe asexual Apicomplexan
life cycle comprises rounds of
intracellular replication fol-
lowed by lysis of the infected
host cell to release polarized
invasive forms called zoites.
Theseoftendisplayanunusual
form of motility called gliding,
driven by an actinomyosin-
based molecular motor situ-
ated beneath the zoite plasma
membrane. Upon encoun-
tering a suitable target cell,
invasion is triggered by the
discharge of adhesins and
partner proteins from micro-
nemes and rhoptries, two
types of secretory organelle
situated at the apical pole of
the zoite. A discrete, electron-
dense zone of close attach-
ment, known as a moving or
tight junction (TJ), forms
between the parasite apex
and the host cell surface. As
the parasite propels itself into
the cell (probably using the
same motor that drives
gliding), the TJ expands to
form a ring-shaped structure
through which the parasite
squeezes as it entersan invag-
ination of the host cell
membranecalled theparasito-
phorous vacuole, which even-
tuallysealsbehind the intracel-
lular zoite.
The makeup of the TJ is ofgreat interest, since it forms the anchoring
surface through which the zoite applies
traction as it invades. Of the surprisingly
few microneme and rhoptry proteins that
are widely conserved across apicom-
plexan genera and that are therefore
candidates for structural components of
the TJ, attention has focused on apical
membrane antigen 1 (AMA1), a microne-
mal type I integral membrane protein
that is discharged in a membrane-bound
form onto the zoite surface shortly before
invasion. The importance of AMA1 in inva-
sion has long been recognized; anti-
bodies and certain AMA1-binding pep-
tides can block invasion in vitro, while
gene disruption and knockdown experi-
ments showed that AMA1 is indispens-
able for invasion by Plasmodium merozo-
ites and Toxoplasma tachyzoites. X-ray
crystal structures of AMA1 revealed that532 Cell Host & Microbe 10, December 15, 20the membrane-distal domains I and II of
the AMA1 ectodomain resemble PAN
domains, often involved in protein-protein
interactions. These observations support
the concept that AMA1 might play a
receptor-binding role at invasion, but its
function has been elusive.
A watershed in understanding of this
came with data showing that AMA1 asso-
ciates with a heteromultimeric complex of
at least three other parasite proteins,
called RON proteins because they are
initially stored in the anterior rhoptry neck
region of the rhoptries. Elegant studies
on invading Toxoplasma tachyzoites and
P. falciparum merozoites showed that
the majority of the detectable RON2,
RON4, and RON5 (plus RON8 in Toxo-
plasma and Neospora), as well as a frac-
tion of the surface-bound AMA1, all asso-
ciate with the TJ (Alexander et al., 2005;11 ª2011 Elsevier Inc.Lebrun et al., 2005; Besteiro
et al., 2009; Straub et al.,
2009; Riglar et al., 2011).
Remarkably, early in the inva-
sion pathway the entire RON
complex is injected into the
target cell and recruited to
the cytosolic side of the host
cell plasma membrane at the
TJ. There, RON2 adopts
a conformation that enables
it to span the host cell
membrane such that a disul-
phide-constrained loop near
its C terminus can interact
with parasite-surface AMA1
(Figure 1). Interfering with
this RON2-AMA1 interaction
blocks invasion (Tyler and
Boothroyd, 2011; Lamarque
et al., 2011), and a recent
X-ray crystal structure reveals
how a segment of the RON2
loop is nicely accommodated
by a prominent conserved
hydrophobic surface cleft on
AMA1, long postulated as
a receptor-binding site (Ton-
kin et al., 2011). Together
with other evidence that the
cytoplasmic domain of AMA1
may interact with the motor,
these collective observations
led to a model in which
the parasite uses proteins
released from distinct sets
of secretory organelles to
assemble its own machineryfor host cell entry, with the AMA1-RON2
interaction providing the parasite-host
cell traction point at the TJ. The model
provides a firm foundation on which to
further dissect the details of TJ assembly
and function.
Or does it? In this issue of Cell Host &
Microbe, Giovannini et al. (2011) present
new findings that force a serious reexami-
nation of the notion that the AMA1-RON
complex plays a universal and essential
structural role in TJ formation and inva-
sion. First, Giovannini et al. used a condi-
tional recombinase-based system to
selectively switch off AMA1 expression
in sporozoites, the zoite form injected by
the bite of an infected mosquito. This
was accomplished using homologous
recombination to flank the ama1 30UTR
with FRT sequences (the 34 bp-long
motif recognized by FLP recombinase) in
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Previewsa transgenic rodent malaria parasite
carrying FLP under the control of
a promoter that becomes active only in
sporozoites. Upon transition to the sporo-
zoite stage, excision of the ama1 30UTR
took place with high efficiency, resulting
in a sporozoite population that expressed
AMA1 at levels 5% of the wild-type
parasite. Importantly, Giovannini et al.
took great care to show that the residual
AMA1 expression emanated from
a minority of sporozoites in which gene
excision had not taken place; no AMA1
expression was detectable in the majority
of the population, in which excision had
occurred. Upon injection into mice, both
sporozoite populations invaded hepato-
cytes, their target cell, with equal effi-
ciency. The resulting liver-stage parasites
developed normally, although as ex-
pected the excised population developed
into merozoites lacking AMA1. Upon
release of mature merozoites from the in-
fected hepatocytes, only those deriving
from the nonexcised population could
invade erythrocytes. In contrast, when
Giovannini et al. used a similar strategy
to ablate expression of RON4 in sporozo-
ites, the excised parasites were incapable
of invading hepatocytes. The simplest
interpretation of these findings is that
AMA1, although necessary for erythro-
cyte invasion by merozoites as found
previously, is not required for invasion of
hepatocytes by sporozoites. Equally
important in the light of the AMA1-RON
model, the results imply that RON4
contributes an essential role to sporozoite
invasion that has nothing to do with its
capacity to associate with AMA1.
To expand on these results, Giovannini
et al. (2011) next examined AMA1 distri-
bution on invading tachyzoites. In con-
trast to what others have reported, they
could not visualize significant colocaliza-
tion of AMA1 with the RON-containing
TJ ring structure. The authors then reex-
amined the Toxoplasma line expressing
a tetracycline-regulated AMA1 gene, orig-
inally produced in the Ward lab (Mital
et al., 2005). Focusing on those tachy-
zoites that successfully invaded despiteknockdown of AMA1 to undetectable
levels, Giovannini et al. noted that they
formed a normal TJ and invaded with the
same speed as wild-type parasites.
Intriguingly, however, the AMA1-deficient
parasites adopted an unusual orientation
relative to the host cell surface just prior
to invasion, binding only at their anterior
end rather than along their length. The
authors’ interpretation of their observa-
tions is that AMA1 is not a structural
component of the TJ per se, but instead
governs an independent step that
increases the frequency of successful TJ
formation. They speculate that AMA1
may directly bind a host cell receptor (as
others have previously proposed), stabi-
lizing the parasite at the host cell surface
prior to TJ assembly. This role may be
more important in some species or devel-
opmental stages than others; for
example, merozoites need to invade in
the turbulent environment of the blood-
stream, and the need for rapid high-
avidity binding to a target cell under those
conditions may absolutely require the
involvement of AMA1. The authors also
accept that their knockout system may
allow the production of undetectably
small residual amounts of AMA1, and
therefore that they cannot completely
rule out the importance of the AMA1-
RON2 interaction. Several hypotheses
are posed for the role this might perform,
first, that small amounts of AMA1 may
be sufficient to trigger assembly of the
TJ, perhaps through transient interactions
with RON2; second, that AMA1 may be
a sensing protein—an idea consistent
with evidence that phosphorylation of
the AMA1 cytoplasmic domain is impor-
tant for its function—and that interactions
with RON2 may signal successful TJ
formation; and third, that AMA1-RON2
binding may aid in eventual proteolytic
shedding of AMA1, a process thought to
be essential.
Numerous questions are raised by this
work. If AMA1 has a host cell receptor,
what is it? If the AMA1-RON2 interaction
is important, why? If RON4 has a function
in invasion independent of AMA1, can thisCell Host & Microbe 10, Dbe gleaned from the invasion phenotype
of RON4-depleted zoites? It is finally
worth noting that Theileria sporozoites
invade cells without apical reorientation,
and that the Cryptosporidium genome
lacks an AMA1 ortholog. Ultimately,
genetic approaches alone are unlikely to
unravel themystery of themolecular func-
tion of AMA1 and the RON proteins, and
the controversy raised by the Giovannini
et al. (2011) study may continue for
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